A n enzym e (phosphorylase), w hich catalyses th e reversible conversion of starch an d inorganic p h o sp h ate to glucose-1-phosphate, has been found to occur in a n u m b er of higher p lan ts.
Introduction
It was shown in Part I of this series (Hanes 1940a) that extracts from ngerminated peas contain an enzymic system which, in the presence of [ 174 ] inorganic phosphate, catalyses the formation of hexosephosphates from starch or various saccharides of the starch-maltose series. The first stage in this transformation, catalysed by the enzyme phosphorylase, consists in the conversion of starch to glucose-1-phosphate and this was found to be a reversible reaction. Both starch and glucose-1-phosphate, however, take part in alternative reactions, catalysed by separate enzymes, which are indicated in the following schema: This series of reactions appears to be closely related to those which occur when glycogen is acted upon by the enzyme systems of yeast and various animal tissues; of particular interest is the fact that the con version of glycogen into glucose-1-phosphate has also been shown to be a reversible reaction. This was demonstrated by Schaffner and Specht (1938) and Kiessling (1939a, b) using yeast phosphorylase; by Cori, Schmidt and Cori (1939) with muscle phosphorylase; and by Ostern and Holmes (1939) , Cori, Cori and Schmidt (1939) , and Ostern, Herbert and Holmes (1939) with preparations from liver.
The object of the experiments here presented was to examine in detail the reversible reaction I of the above schema. For this purpose it was desirable that preparations of phosphorylase should be available which were free from the enzymes which catalyse reactions II and III. A method for obtaining such preparations from extracts from peas was devised, and preliminary observations on these have already been reported (Hanes 1940a ).
In the meantime, however, the enzyme phosphorylase has been found to be present in many higher plants, crude aqueous extracts or the juice pressed from different organs (leaves, roots, fruits and tubers) of a number of species exhibiting varying degrees of activity (cf. Hanes 19406) . The potato is the most favourable source of the enzyme so far encountered. The crude juice pressed from the tubers, after grinding, contains an active phosphorylase but is devoid of phosphoglucose-conversion activity. By a relatively simple procedure the phosphorylase has been purified con siderably, and the weak amylase activity exhibited by the crude juice has been eliminated. These purified preparations of potato phosphorylase have been used in most of the ensuing experiments.
Methods

Analytical technique
As in the previous investigation, the enzyme and other components of a digest were brought separately to 25° C before mixing, and the reaction was followed at this temperature. All solutions and digests were kept saturated with toluene.
The first sample for analysis was withdrawn 0*5-0-7 min. after initiating the reaction and others at appropriate times to define the progress of the reaction. In addition initial values were determined by separate analyses on the various digest components; these were in close agreement with initial values obtained by extrapolating the progress curves to zero time.
The analyses consisted mainly in determinations of inorganic ortho phosphate ( f r e e -P) and phosphate in the form of glucose-1-phosphate (ester-P), the latter corresponding to the increase in which resulted when samples were heated for 7 min. at 100° in the presence of N perchloric acid.
The digest samples were normally of 1 ml. and these were delivered into 5 ml. 6 % trichloracetic acid to arrest the reaction and precipitate protein.
After standing 5-10 min. the precipitate was filtered off and, as soon as possible, a suitable volume of the filtrate for the determination of free-P (usually 1 ml.) was transferred to a 25 ml. volumetric flask and neutralized with dilute ammonia, about 15 ml. water and a drop 0-1 % phenolphthalein being added. For the determination of f + este of the filtrate, with 4 ml. water and 1 ml. 6 n perchloric acid, was heated for 7 min. in a test-tube suspended in boiling water; after cooling, the contents were transferred, with several washings, to a 25 ml. flask.
The determinations of phosphate were made by an improved method elaborated by Allen (1940) in this laboratory; as before, the colour intensity was measured by an absolute photometer using a deep red filter. This procedure had the advantage, in addition to increased reproducibility, that . the necessary period of contact of the sample with the acid-molybdatereducer mixture was considerably shortened since the colour developed to a steady maximum intensity in 5 min. (as compared with 20 min. in the method used previously).
In practice, analyses were done on batches of six to eight samples; in the case of samples for the determination of free-P, the average period of contact with 5 % trichloracetic acid before neutralization was about 12 min. and the period in contact with 0-77 zsr perchloric acid of the phosphate reagent about 10 min. at the time the reading was made. It was found by separate experiment that a slight hydrolysis of glucose-1-phosphate occurred under these conditions amounting to 0-4 %. All values for free-P and ester-P have been subjected to this barely significant correction, values of ester-P,derived from (free-+ ester-P and values of free-P being corrected by substracting this absolute amount. All values have been given in terms of mg. P per 10 ml. digest; similarly, the composition of digests are given as for 10 ml. (final volume) digest although in practice the volumes ranged from 5 ml. to 8-5 1.
The glucose-1-phosphate used had been prepared by the action of pea phosphorylase on starch according to the method described earlier (Hanes 1940 a) . It was in the form of potassium salt which had been twice re crystallized and of which the composition was in close agreement with the formula C6Hn0 5.0 . P03. K2.2H20. It was completely hydrolysed to glucose and free-P under the conditions described for the determination of ester-P. Quantities of the ester specified below will refer to this crystalline (hydrated) salt containing 8-31 % ester-P.
Inorganic phosphate when added to digests was in the form of buffers prepared from potassium dihydrogen phosphate and sodium hydroxide.
In many experiments maleate buffers, prepared as described by Temple (1,929), were used. It may be mentioned that when the reaction: glucose-1-phosphatestarch + free-P, is in progress the solution becomes more alkaline, and when the reverse reaction occurs it becomes more acid. This effect, resulting from the increased dissociation of the esterified phosphate groups as compared with free phosphate, has been observed in other esterification processes (cf. Harden 1932). This crude juice was used as enzyme in only a few experiments but, as will be shown below, it can be used without further treatment for largescale preparations of glucose-1-phosphate.
Dialysis of the juice against distilled water caused complete inactivation of the phosphorylase, the result apparently of the irreversible flocculation of protein which occurred.
Some purification could be achieved by treating the juice at its natural acidity (pH 5-8-6*0) with calcium phosphate, kaolin or alumina Cy, followed by filtration or centrifuging. Much inactive material was re moved by adsorption with relatively small losses of phosphorylase, but the preparations still contained amylase.
The bulk of the experiments have been carried out with phosphorylase preparations which were devoid of amylase activity and contained either no free-P or a mere trace. These were obtained by the following method.
To 600-1000 ml. crude juice was added an equal volume of saturated ammonium sulphate. The resulting precipitate could not be removed quantitatively on the centrifuge but was separated by gravity filtration at 0° C, which required 6-12 hr. The precipitate was taken up in water (about one-half the original volume of juice); saturated ammonium sulphate was added until the density reached 1*085 (i.e. about 0*3 saturation) and the copious precipitate which formed was removed on the centrifuge and dis carded. The fraction rich in phosphorylase was then precipitated by increasing the ammonium sulphate in the supernatant liquor to about 0*5 saturation (density 1*145) and was removed on the centrifuge. It was now dissolved in water of about one-third the original volume and the fractiona tion was repeated, i.e. a small amount of material precipitated by 0*3 saturated ammonium sulphate was removed and discarded. The main bulk of the enzyme was precipitated from the supernatant solution with 0*5 saturated ammonium sulphate and recovered by centrifuging. This moist precipitate was dissolved in water and diluted to give a convenient concentration of enzyme (usually one-third to one-half the volume of original juice); the pH was adjusted to 5*9-6* 1 by the addition of dilute ammonia and the solution was stored under toluene at 0° C.
Such solutions of purified potato phosphorylase are relatively stable, losses in activity of the order of 10 % occurring during 14-20 days at 0° C. They contain 1*5-3% ammonium sulphate in addition to 0*3-0* 5% of material derived from the potato juice. This highly active fraction, apparently protein in nature, represents 3-5 % of the dry matter present in the crude juice and possesses 70-80% of the original phosphorylase activity.
E xperiments with crude and with partially PURIFIED POTATO PHOSPHORYLASE
The consideration of a few experiments with crude potato juice and with preparations partially purified by adsorptive treatments serve to illustrate a number of features of the system which will be re-examined in later experiments with purified preparations. free-P/free-+ ester-P
The observations in table 1 demonstrate the presence of an active phosphorylase in potato juice. In digests 1 and 2, which consisted of crude juice with additions of soluble starch and inorganic phosphate, there occurred a progressive decrease in free-P, with the formation of an acidlabile ester. As will be shown later this ester is glucose-1-phosphate. It is to be noted that more glucose-1-phosphate was formed ultimately in digest 1 of which the final pH was 7-1, than in digest 2 at pH 6-0.
The reverse reaction is illustrated in digest 3 to which glucose-1-phos phate equivalent to 4-16 mg. ester-P per 10 ml. digest was added. The free-P increased from 1-35 mg. initially (representing inorganic phosphate present in the crude juice) to 5-18 mg., with a corresponding decrease in ester-P. Accompanying this rapid liberation of free-P, the formation of polysaccharide was evident when samples were tested with iodine. The iodine coloration did not remain blue but soon developed a purple tinge; on standing for prolonged periods, e.g. 24-48 hr., the iodine coloration in such digests became pale violet or rose, and ultimately disappeared.
A 10 ml. sample of digest 3 removed after 35 min. was treated with 1 0 ml. 8 % trichloracetic acid; after filtering off the precipitate, which contained considerable blue-staining polysaccharide, 3 vol. of 95 % alcohol was added to the filtrate. The resultant precipitate was removed on the centrifuge and, after washing with alcohol, was dissolved in a little water. With iodine it gave a blue-violet coloration; the iodine-colouring property was rapidly destroyed when a-malt-or salivary amylase was allowed to act on portions of the solution. Preliminary experiments of this type showed clearly that a starch-like substance was formed by the action of phosphorylase on glucose-1-phosphate. The preparation of large samples of the polysaccharide was not attempted using crude juice, since there was evidence that it was being slowly degraded by the action of the amylase present in such preparations.
Attention may be drawn finally to the drifts in the ratio + ester-P. In digest 2 the reaction: starch+/ree-P-> glucose-1-phosphate, proceeded until this ratio attained a steady value of 0-87; in digest 3, of which the final pH was approximately the same, the reverse reaction proceeded until the ratio reached the same value. As will become clear later, the only factor which has been found so far to alter appreciably the equilibrium value of the ratio is the concentration of hydrogen ions; a preliminary indication of this effect is to be seen in the observations on digests 1 and 2. Table 2 gives the results of experiments with juice which had been treated with calcium phosphate at pH 5-8. To 100 ml. juice was added 20 ml. of a suspension containing 0-2 g. tri-calcium phosphate in a highly adsorptive form; the mixture was stirred for 10 min. and then centrifuged. The supernatant solution was used as enzyme, digests 4-8 being carried out shortly after preparing the enzyme when it was still pale yellow in colour, and digests 9-11 on the following day when it had become dark brown.
In one respect the observations on this particular preparation are unique and for this reason they have been selected for presentation. Thus in digests 5, 7 and 8 there occurred a significant decrease in the value free-+ ester-P.This has not been observed in any other of the numerous experi ments with different potato preparations (including enzymes prepared by this same method). Since, however, the effect may have been due to the presence of a trace of phosphoglucose-conversion activity it seemed desirable to record this exceptional feature. The effect was absent after the enzyme had been stored for 24 hr. (digest 9) and was not regenerated by treatment of the enzyme with sodium hydrosulphite which reduced the brown pigments (formed from oxidation) to pale yellow (digest 10). This latter experiment was suggested by the observations of Gill and Lehman (1939) which indicated that the phosphoglucose-conversion system of muscle is reversibly inhibited by various oxidants. So far as the phosphorylase activity was concerned the data are typical of those obtained with other partially purified preparations. These normally contained a trace of ester-P, and on incubation a slight incre occurred, as in digest 4.
In digests 5 and 9, with added glucose-1-phosphate, the reaction: glucose-1 -phosphate ->starch + free-P,proceeded until the ratio + ester-P attained values of about 0-87, but it will be noticed that there was an initial phase during which the reaction proceeded slowly. This induction phase is also observed when crude juice or purified preparations are used.
Digests 7 and 11 show the effect of additions of soluble starch, together with glucose-1-phosphate, upon the reaction. In each case the initial velocity was greatly increased but the final value of the ratio was not appreciably altered.
The observations of digests 6 and 8 indicate that with the addition of inorganic phosphate, and with double the amount of glucose-1-phosphate, respectively, the final values of the ratio were the same.
So far as could be judged from qualitative observations on the iodine coloration, the amounts of starch formed in these different digests appeared to be at least roughly proportional to the amounts of liberated; thus the final blue-violet colour given by digest 8 was much more intense than in digest 5 and this in turn was perceptibly deeper than digest 6 (in which the final extent of the conversion of glucose-1-phosphate was repressed by the addition of free-P).
E xperiments with purified potato phosphorylase
Five different preparations of potato phosphorylase, purified by fractional precipitation with ammonium sulphate as described above were used in the ensuing experiments. Certain general observations may be mentioned at the outset.
These solutions of purified phosphorylase were devoid of both phospho-glucose-conversion and amylase activity; further, the and the small amount of e s t e r -Pp resent in crude juice had been almost completely eliminated during the purification.
When glucose-1-phosphate was added to the enzyme the first sign of starch formation was a green coloration when samples were tested with iodine; this was clearly the resultant of the yellow-staining flocculence of protein which formed when the enzyme alone was tested, and the bluestaining of traces of synthesized starch. Provided sufficient ester had been added, the iodine colour became blue-green and then deep blue as the reaction progressed, and heavy floccules of the blue-black starch-iodine complex were formed. In contrast to digests with crude preparations, the iodine colour remained blue even during prolonged periods of incubation (e.g. 10 days).
When relatively high concentrations of glucose-1-phosphate were added it was observed consistently that a large proportion of the synthetic starch was deposited in the form of definite grains during the later stages of the reaction. These were approximately spherical in shape and, in different experiments, ranged from 4 to 10/i in diameter. The formation of these starch grains first became evident from a turbidity in the clear reaction mixture; later, there appeared on the bottom of the vessel a white sediment which consisted of the microscopic grains, frequently in adherent clusters. The individual granules, which stained blue-black with iodine, appeared sometimes to be surrounded by flocculent material which stained yellow but this was not always the case.
It is not yet clear whether the deposition of the starch in the form of granules is part of the enzymic process or whether it is due to a physical process of molecular aggregation. As will be seen later, the synthetic polysaccharide exhibits to a marked degree the property of retrograding from solution. It deserves mention that Meyer (1895) reported the de position of " artificial starch grains" from concentrated solutions of starch.
The effect of additions of starch and various SUGARS ON THE INDUCTION PHASE
With all preparations of potato phosphorylase an initial induction phase in the formation of starch and free-P from glucose-1-phosphate has been observed. This was illustrated by the data in table 2 which demonstrated the additional fact that the presence of soluble starch increased greatly the initial reaction velocity.
This phenomenon was examined in greater detail in a series of digests (12-19) with purified enzyme. Full analytical data are given in table 3 for typical digests of this series.
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The control digest 12 contained only a trace of and no and no changes occurred during incubation. In the remaining digests free-P was liberated at the expense of ester-P. As in all experiments with purified enzyme, the value free-+ ester-P remained constant.
In figure 1 the values of the ratio free-P /free-+ ester-P for the whole series of digests are plotted against reaction time. It is clear from these progress curves that the addition of soluble starch, even in very low con-18-14*3 mg.
49-28*6 mg. centration, increased the reaction velocity, and in higher concentration it had the effect of abolishing completely the induction phase. The re lationship between the initial reaction velocity and the amount of added starch is shown in figure 2 A ; maximum activation was attained with the addition of 10-12 mg. starch per 10 ml.
These observations suggest that in digests without added starch the factor which conditions the progressive acceleration of the reaction during the induction phase is the accumulation of the starch synthesized from glucose-1-phosphate. A point of interest is that soluble starch added initially to the digest causes a much greater activation than the same Vol. 129. B. 13 quantity of starch formed by the reaction itself. Thus it will be seen from the right-hand scale of ordinates in figure 1 that in digest 13 after 20 min. 3 mg. starch had been formed from glucose-1-phosphate; the initial addition of a slightly smaller amount of soluble starch to digest 17 produced a 4-5 times greater increase in velocity than had occurred spontaneously in digest 13. There is little doubt that the much greater activating effect of soluble starch as compared with the enzymically-synthesized starch is due to a difference in the physical state in the two cases, the latter being present in a highly aggregated form. The interesting question arises as to whether the presence of starch is essential for the action of the phosphorylase. Thus it might be suggested that the enzyme preparation contained a trace of starch without which no synthesis of starch from glucose-1-phosphate would have occurred. According to this view, the amount of starch present in the enzyme would be estimated (by extrapolating the curve in figure 2 A to zero velocity) at about 0-03 mg. in the 2-9 ml. of enzyme added to each digest.
Further support for this view had been obtained in earlier experiments on the purification of the pea phosphorylase. Thus certain fractions from pea extracts (e.g. a fraction which remained in solution after precipitating the bulk of the enzyme with 0*5 saturated ammonium sulphate) showed considerable phosphorylase activity as judged by the rate at which they catalysed the reaction: starch + f r e e -P->glucose-l-phosphate % at first to have no activity in catalysing the reverse reaction.* After periods varying from 0-5 to 2 hr., however, the liberation of and synthesis of starch began, and proceeded at increasing velocity. This very pronounced induction phase could be completely eliminated by the addition of small amounts of soluble starch. It thus seemed likely that the prolongation of the induction period observed with these preparations was due to a more complete removal of traces of starch than was the case in the standard purification of the potato phosphorylase.
After this work was completed a parallel effect with (glycogen-) phos phorylase from muscle tissue was described by Cori and Cori (1939) . With progressive purification by an adsorption method, this enzyme was re ported to exhibit an increasingly marked induction phase in its action on glucose-1-phosphate; induction periods up to 24 hr. were observed in certain cases. The addition of small amounts of glycogen activated the enzyme, and abolished the induction phase. Cori and Cori concluded that traces of glycogen are required for the enzymic synthesis of glycogen from glucose-1 -phosphate.
Before putting forward any suggestion as to the mechanism of this activation which is clearly common to the two types of phosphorylase, it should be stated that starch is not unique in producing the effect, at least in the case of the higher plant enzyme.
In table 4, for example, are shown the effects of additions of different sugars upon the reaction. Glucose, fructose, and cane sugar (digests 21, 22, 23) caused no increase in velocity but apparently inhibited the reaction slightly. Maltose, however, caused a considerable activation (digest 24) although the effect was smaller than that produced by the same amount of starch (digest 25). (It may be mentioned that the maltose used was a carefully recrystallized specimen.)
The addition of varying amounts of maltose was studied in a separate experiment (digests 26-29) the results of which have been plotted in figures 2 B and 3. It will be seen that maltose exerted an activating effect analogous to that of soluble starch but considerably larger additions of maltose were required to produce corresponding increases in reaction velocity.
In spite of the marked alterations in the velocity of the reaction resulting * Kiessling (19396), having observed the somewhat similar behaviour of certain preparations, (glycogen-) phosphorylase from yeast and muscle, drew the conclusion that the phosphorylase must consist of two separate components which catalyse selectively the reactions proceeding in opposite directions. It is now unnecessary to point out the objections to this conception, since there is little doubt that the basis of the effect was similar to that described above. from additions of starch or maltose (figures 1, 2) the final extent of conversion of glucose-1-phosphate was not significantly affected. These experiments confirm the observations with crude preparations of phosphorylase.
A further aspect of the activating effects of starch and maltose upon the reaction deserves emphasis. Without additions of these substances the iodine coloration tends to be green during the induction phase, becoming blue in increasing intensity as the reaction proceeds; further, it has been found that almost the whole of the synthesized starch is precipitated with the protein when trichloracetic acid is added, the filtrates exhibiting only a faint violet hue. When the synthesis of starch is activated by initial additions of starch or maltose marked differences in behaviour were noticed. Thus with small additions of starch (e.g. 1-2 mg. per 10 ml.) although a slight iodine colour is exhibited from the beginning, it was evident that the iodine colour given by the polysaccharide synthesized was at first purple and not blue; the bulk of it, moreover, was not precipitated by trichloracetic acid. In more advanced stages of the reaction the colour became blue and now trichloracetic acid filtrates contained only traces of iodine-staining material.
The effect of added maltose was even more striking. The polysaccharide which forms rapidly in the early reaction stages exhibited an unusual orange or brick-red iodine colour which later became crimson, violet, and ultimately blue. The products giving orange, red, and crimson colours were not precipitated by trichloracetic acid but the final blue-staining product is almost completely precipitated. With maltose concentrations up to 2-3 % (as in digests 26-29) the red coloration persisted longer the higher the maltose concentration. Other experiments with additions of maltose up to 8 % showed that there was some inhibition of the whole reaction but that the red-staining products which formed were not transformed into violet-or blue-staining polysaccharides even after prolonged reaction.
A detailed study of these effects may be expected to throw' light on the mechanism by which the starch molecule is elaborated in this enzymic reaction. The aberrant iodine colours observed during the early reaction stages when starch and, more particularly, maltose are added suggest that there may be an accumulation under these conditions of certain inter mediate compounds representing stages in the building-up of the complex aggregated system of starch molecules. A question of interest is whether the activating effect may not be due to the participation of certain group ings of the added saccharides (e.g. hydroxylated C atoms at position 4) in the early stages of the condensation reaction.
The effect of hydrogen-ion concentration upon the velocity AND FINAL EQUILIBRIUM STATE
Three experiments will be considered, in the first of which observations were made on a series of digests (30-37) at pH values ranging from 5-2 to 7-6 to determine (a) the initial velocity and (6) the final extent of the conversion: glucose-1 -phosphate->starch + f r e e -P .In addition to glucose-1-phosphate a small amount of soluble starch was added to the digests to abolish the induction phase thus facilitating the determination of initial reaction velocity. m in u tes F igure 4. D igests 31, 33 a n d 36 (from th e series described in tab le 5) illustrate th e differential effects of v ary in g co ncentrations of hydrogen ion upon th e velocity and e x te n t of th e conversion: glucose-1 -phosphate starch . D igests 39 an d 41 (from tab le 6) show th e effects u p o n th e reaction in th e reverse direction.
The process curves in figure 4 for three digests of this series, illustrate the differential effects of hydrogen-ion concentration upon the velocity of the reaction and the final equilibrium attained.
The results for the whole series are given in table 5. The initial velocity values exhibit a fairly sharp maximum in the region pH 5-9-6-1 (cf. figure 5 A, p. 193) .
The values of the ratio free-P/free-+ e s t e r -P at equilibrium also dependence upon the concentration of hydrogen ions. Thus as the final pH values increased from 5-25 to 7-05, the values of the ratio progressively diminished, indicating lower final conversions of glucose-1-phosphate into polysaccharide at higher values of pH. In itia l velocity* mg. free-P lib erated p er 10 m l./m in. That this effect was not due to a failure of the system to reach equili brium (e.g. due to differential rates of inactivation of the enzyme) was clearly demonstrated in the following experiments.
In digest 38 (40 ml. total volume, containing 15 ml. purified phosphory lase solution, 200 mg. glucose-1-phosphate, and n /48 maleate buffer; initial pH 6T) the reaction was allowed to proceed to the equilibrium state. The ratio free-P /free-+ e s t e r -P after 100 min. was 0*85 and this was un changed after 136 min.; the pH was now 6-35. A series of subdigests (38 a-f) was then set up. To 3 ml. portions of the original reaction mixture were added 1 ml. portions of different buffer solutions (acetate, veronalacetate, and bicarbonate) which, as had been previously determined, resulted in a suitable range of pH values; in one case (38 c) 1 ml. water was added instead of buffer solution. Determinations of the ratio + ester-Pwere made on each of the subdigests after further reaction periods of 180 and 270 min. Except in the most alkaline digest (38/) these showed that new equilibrium states corresponding with the adjusted pH values had been attained in 180 min. The final values of pH and ratio + ester-P were as follows: It was clear from these results that alterations in the hydrogen-ion concentration after equilibrium had been attained at pH 6-35 resulted in shifts to new equilibrium states; in 38 c which had remained at the original pH no change in the ratio had occurred; in 38 and 38 6, which had been made more acid, further conversions of glucose-1-phosphate to starch and free-P had occurred, while in 38 d and 38 under conditions of greater alkalinity conversions in the reverse sense had occurred.
Finally, data are given in table 6 showing the effects of hydrogen-ion concentration upon the formation of glucose-1-phosphate in digests to which starch and inorganic phosphate were added initially. free-P/free-+ In digests 39, 40 and 41, which were comparable as regards the initial concentrations of starch and phosphate, the final extents of the esterifi cation increased with the increase in pH values. The equilibria attained in these digests agreed approximately as regards the values of the ratio free-P /free-+ ester-P with those observed at corresponding pH values in the preceding experiments in which the reverse reaction was followed.
The observations on digests 42 and 43 of which the pH values were similar to digest 40, show that, despite considerable differences in the initial concentrations of starch and phosphate, the same equilibrium state was finally reached. (It may be mentioned that when insufficient starch is added the true equilibrium state is not attained, the formation of glucose-1-phosphate ceasing somewhat abruptly when the available starch has been transformed to the maximal extent.)
The two separate effects of hydrogen-ion concentration upon the system are shown in figure 5 A, B, in which are plotted the main observations from these three experiments.
Thus figure 5 A shows the pH-velocity relationship exhibited by potato phosphorylase when catalysing the reaction: glucose-1-phosphate->starch + inorganic phosphate. Figure 5 B, on the other hand, shows the relationship between pH and the values of free-P/free-P + e s t e r -P at equilibrium. The different sets of points plotted here, including values for the equilibrium state approached from both directions, are closely distributed about a single curve. There is thus no doubt as to the reversible character of the effect of hydrogen ion upon the equilibrium. It will be noted that under more acid conditions a larger proportion of the reactants exists in the form of starch and inorganic phosphate.
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The full magnitude of this effect is not indicated directly by the values free-P free-+ ester-P adopted hitherto for defining states of equilibrium. In table 7 are set out the values of this ratio read off at different pH values from the smoothed curve in figure 5 B, and, for comparison, the corre sponding values of the ratio free-P/ester-P. These it will be seen decreased from 10-8 to 3d as the pH value increased from 5-0 to 7-0. It seemed probable that the considerable variation in this ratio with changing pH was due primarily to effects upon the dissociation of the reactants, and an analysis has demonstrated that this is the case.
Thus of the different forms of glucose-1-phosphate, namely, undis sociated glucose-1-phosphoric acid, and the mono-and di-valent ions (C6Hu0 5.0 .P 0 3H)~ and (C6Hn 0 5.0 .P 0 3)=, on the one hand, and the different forms of orthophosphate, namely H3P 0 4, (H2P 04)~, (HP04)=, (P04)s , on the other hand, there is no doubt that the equilibrium is deter mined by the concentrations of the di-valent ions in each case. This became clear when the proportions of these different forms of the two substances existing at different concentrations of hydrogen ion were calculated, making use of the dissociation constants determined by Cori et al. (1937a) ; (for glucose-1-phosphoric acid kx = 0-78 x 10-1; = 0*74 phosphoric acid kx -1-07 x 10~2; k 2 = 1-51 x 10 kz = 2-7 x 10"12). Only on the assumption that the concentrations of the di-valent ions determine the equilibrium was a constant obtained.
This will be clear from the data given in table 7. By means of the calculated ratios: (HP04)=/total orthophosphate, and (C6Hu0 5. 0 . P 03)=/ total glucose-1-phosphate for the different pH values, which are set out in the table, the value of (HP04)=/(C6Hn0 5.0 . P04)= corresponding to the observed ratio free-P/ester-P at each pH value was derived. It will be seen that these values, (HP04)=/(C6H110 5.0 .P 0 3)=;, were constant within the limits of the experimental error.
It is clear that in the equilibrium state established at any pH value within the range examined the concentration of (HP04)= ion was 2-2 times that of (C6Hu05.0 .P 0 3)= ion.
Effect of varying concentrations of glucose-1-phosphate AND ADDITIONS OF INORGANIC PHOSPHATE
In table 8 are given the results of an experiment in which the initial concentration of glucose-1-phosphate was varied from 25 to 122 mg. per 10 ml.; to some digests of the series inorganic phosphate was also added initially and, to accelerate the reaction, a small amount of starch. In digests 44, 45, 46 and 51 which contained no free-P initially the reaction proceeded in each case until the ratio free-P/free-+ ester-P attained a value of about 0-86; the final equilibrium values were thus not significantly affected by the approximately fivefold variation in concen tration of glucose-1-phosphate.
Again in digests 47, 48 and 49, to which different amounts of were added initially with glucose-1-phosphate, approximately the same final values of the ratio were attained. In these cases the initial values of the ratio had been already increased by the additions of free-P, the initial value in one case approaching the equilibrium value (digest 49); under these conditions the equilibrium state was attained when a considerably smaller proportion of glucose-1-phosphate had been converted into starch and/ree-P. Values for the final percentage conversion of the added glucose-1-phosphate in each digest are given in the final column (table 8) ; these represent the observed increases in free-P expressed as a percentage of the initial amounts of ester-P. It may be pointed out that no reaction occurs where inorganic phosphate and glucose-1-phosphate are added initially in such proportions that the ratio free-P/free--f ester-P is equal to or greater than the value characteristic of the equilibrium state at the prevailing concentration of hydrogen ions. (This is true only in the absence of starch; when starch is present, the ratio falls to the equilibrium value due with formation of more glucose-1-phosphate.) Digest 50 provides an example of the complete inhibition of the reaction when the initial ratio had been adjusted to 0*91.
It deserves mention that the final equilibrium state is not detectably affected by considerable variations in the concentration (or activity) of the added phosphorylase. Special experiments have been carried out to test this point but it seems unnecessary to describe these in detail since the experiments already given in tables 1-5 and 8 provide examples of digests of which the final pH values were approximately 6-1 and in which the volumes (and activities) of enzyme varied considerably; the equilibrium value of the ratio free-P jfree-+ e s t e r -P in all these cases was close to 0-
R elation between amounts of starch formed and inorganic PHOSPHATE LIBERATED
In the reaction: glucose-1 -phosphate->starch + f r e e -P the liberatio 1 mg. free-P would be accompanied theoretically by the formation of 5*24 mg. starch. In several large-scale experiments the yields of synthetic polysaccharide isolated at advanced stages of the reaction showed close agreement with this value. In the ensuing experiment the relationship was followed throughout the reaction.
Digest 52 consisted of 400 mg. glucose-1-phosphate, n /24 maleate buffer, and 5 ml. of phosphorylase solution (containing 27 mg. protein) in a total volume of 60 ml. The pH value was 6*0 initially and 6*2 finally.
In addition to the normal determinations of and + ester-P, the formation of starch was followed by three methods, (a) Digest samples (5 or 3 ml.) were added to 5 ml. 0-5% iodine solution; the precipitate was separated on the centrifuge in graduated tubes and its volume noted (in order to apply a correction for the small amount of glucose-1-phosphate included). The precipitate was suspended in 5 ml. water; the iodine was then removed by adding a layer of benzene and warming with gentle shaking. Hydrochloric acid to give a concentration of n/ 1 was added and the solution was held at 100° for 2-5 hr. The hydrolysate was then neutra lized and diluted to 25 ml. and the reducing power was determined by a reagent of the Somogyi (1937) type. Under these conditions native starch and purified specimens of the synthetic starch yielded 104-106% of their weight of glucose. (6) Samples of 1 ml. of digest for measurements of the iodine coloration were delivered into 1 ml. n soda. Later these were diluted, neutralized, and 5 ml. 0T % iodine (in 0T5% potassium iodide solution) followed by water to 50 ml., were added. The iodine coloration was then measured by the approximate spectro-photometric method previously described (Hanes and Cattle 1938) . The first sample (0-7 min.) gave extinction coefficients identical with the values observed on a blank solution containing the iodine only. From the observations on later samples were plotted a series of extinction/A curves showing the increase in the extinction coefficient for each wave-length as compared with the corresponding value for the iodine blank. These curves were closely similar in form throughout the reaction; the maximum extinction was in the orange (mean filter transmission 610 m/^). For the present purpose these maximum values (i?61) alone will be given, (c) Finally, the proportion of the glucose engaged in ester and maltosidic linkages, respectively, was determined on 2 ml. samples which were delivered into 3-5 ml. hydro chloric acid (final concentration n /1). One set of samples was held at 60° for 30 min., while a parallel set was heated 2-5 hr. at 100°; these were neutralized and brought to 25 ml., and determinations of reducing power were made on suitable aliquots. By the former treatment glucose-1-phos phate is completely hydrolysed but only 2-3 % of the maltosidic linkages of starch were cleaved, whereas the latter treatment results in the hydrolysis of 95-97 % of the linkages of starch. From these data the extents of conversion of " ester linkages" into " maltosidic linkages" were calculated.
The results, which are presented in table 9, show clearly the parallelism between the formation of starch and the liberation throughout the reaction. The direct determinations of starch (by precipitation and sub sequent hydrolysis) agree within the experimental error with the values calculated from the free-P values. Similarly the iodine coloration bears a constant relationship throughout the reaction to the liberation of and the ratio E61/mg. free-P is close to that expected from observations on the iodine coloration of purified specimens of the synthetic polysaccharide (cf. p. 202). Finally the generation of resistant glucosidic linkages runs parallel with the liberation of free-P. 
P reparation of glucose-1-phosphate by the use of POTATO PHOSPHORYLASE
Specimens of glucose-1-phosphate have been prepared from starch and inorganic phosphate by the action of both crude and purified preparations of potato phosphorylase. For the large-scale preparation of the ester crude juice pressed from potatoes has been used successfully, the yields of 7-10 g. per litre of digest liquid being higher than those obtained in pre parations using the pea enzyme described earlier (Hanes 1940 a) . Since the method of isolating the ester has been modified, an outline of the procedure will be given.
Digest 53 of which the total volume was 8-5 1. was made up as follows: enzyme, 850 ml. crude potato juice (freshly pressed); starch, 76 g. (dry basis) potato starch in the form of starch paste (prepared by washing the raw starch in 41. boiling water and holding at 100° for 20 min. with stirring); phosphate, 2-1251. m phosphate buffer at pH 6-8. The initial concentration of added phosphate was thus 0-25 m . The progress of the reaction was followed by determinations of free-P and on suitable samples; after 24 hr. 8-35 g. free-P had been converted into ester-P, and after 48 hr. 8-65 g., corresponding to the formation of 104 g. of the crystalline potassium salt of glucose-1-phosphate.
At this time the digest was killed by heating in 2 1. portions to 100°. The bulk of the inorganic phosphate was then precipitated by the addition of the calculated quantities of magnesium acetate and ammonia. The filtrate was reduced to 4 1. by the method of freezing previously described (reduction by vacuum distillation can be used). The remaining inorganic phosphate was then precipitated by adding a slight excess of ammonia (to pH 8-3) and removed by filtration.
The barium salt of the ester was now precipitated from the filtrate by adding 85 g. barium acetate (cryst.) followed by 7 1. methylated spirits, and after 15 hr. was removed on the centrifuge. The crude barium salt was suspended in 1 1. water and decomposed by adjusting the pH value to 1-8 with sulphuric acid; the precipitated barium sulphate was removed on the centrifuge and extracted three times by grinding with 150 ml. portions of water, followed by centrifuging. The combined supernatant solutions were brought to pH 8-3 with potassium hydroxide and 1-2 vol. methylated spirits were added.
After 24 hr. the crude potassium salt of the ester, still contaminated with dextrins and protein, was removed on the centrifuge, suspended in 1 1. water and brought to pH 5-5 by the addition of acetic acid. a-Maltamylase (200 mg. of a purified preparation*) was now added in a little water; after 2 hr. the red-violet staining dextrins had been degraded to achroic, alcohol-soluble fragments. Trichloracetic acid in 50 % solution was now added to give a concentration of 5% and then 1-4 vol. 95% ethanol. A small precipitate consisting of protein and crystalline potassium acid sulphate was removed and discarded. The filtrate was brought to pH with potassium hydroxide; crystallization of the potassium salt of the * Flour from m alt, which h a d been dried a t 35° C, was suspended in four tim es its weight of w ater. The m ix tu re was h eated quickly to 70° C and, w ith efficient stirring, held a t this tem p eratu re for 15 m in. A fter rap id cooling, solids were rem oved by g rav ity filtration. A portion of th e filtrate could be used for th e purpose in question, b u t a d ry p rep aratio n of a-m alt-am ylase (obtained from such a filtrate by p re cipitating th e enzym e w ith 60 % alcohol, redissolving it in w ater and reprecipitating it w ith 80 % alcohol) was used in this case.
ester, which began immediately, was allowed to proceed 24 hr. at 0° when the product was filtered off and dried vacuo over calcium chloride.
The crystalline product (88 g.), contained no and 7*15 g. (i.e. 82-5% of the ester-P present in the original digest); the content of ester-Pwas thus 8-12 % (as compared with 8-33 % theoretical). The product was further purified by dissolving it in 11. water and treating the solution with 3 g. charcoal at 50° C which removed the small amount of coloured material present; after filtering off the charcoal, 11. hot acetone was added, and crystallization was allowed to proceed for 24 hr. at 20° and then for several days at 0° C, a further 500 ml. acetone being added after 2 days.
After drying in vacuo over calcium chloride, the recrystallize (79 g.) gave the following analytical values: rotation [a]fj + 78-5°( c = 1-24%, l = 4 dm.); moisture loss (at 100° vacuo, 1 mm., ove 9-70 %; apparent free-P (9 min. contact with acid reagent) 0-063 %; ester-P 8-35%; total-P (after combustion) 8-35%; C 19-5%, H 4-10% (according to Pregl by Dr G. Weiler); residue (after 2 hr. at 1000° C) 44-0 %. (C6Hu0 5. 0 . P 0 3K2.2H20 requires 9-67% moisture, 8-33% P, 19-35% C, 4-06 % H and 44-3 % residue as K4P20 7.)
This product was indistinguishable from purified specimens of the ester formed by the action of pea phosphorylase. (It should be mentioned that redeterminations of the rotation of these have given slightly higher values than that reported earlier, [a]f> + 78-79° instead of +76-5°.)
I solation and properties oe the synthetic polysaccharide
Several specimens of the enzymically synthesized starch, 22 g. in all, have been isolated and purified by different methods.* An outline of the procedure adopted in one of these experiments will suffice for the present purposes.
Starch specimen A from a large digest (54) which consisted of 150 ml. purified phosphorylase solution (containing 1-1 g. protein), 25 g. glucose-1-phosphate (dissolved in water and adjusted to pH 6-0 with acetic acid) and water to make 2 1. At intervals during the reaction the pH was re adjusted to 6-0 by dropwise additions of N acetic acid, 26 ml. in all being required. * Since th is was w ritte n a large specim en o f th e starch, am ounting to 55 g., has been prep ared for co n stitu tio n al stu d y .
After 5-5 hr. the increase in free-P was 1-745 g., indicating the conversion of 83% of the glucose-1-phosphate and the formation theoretically of 8-98 g. starch. The reaction was now arrested by adding 200 ml. 1 % iodine solution (in 1-5 % potassium iodide). After 15 hr. the resulting blue-black precipitate was removed on the centrifuge; the supernatant solution which contained only a trace of iodine-staining material was discarded. The iodine was removed from the precipitate by hot treatments with ethanol, acetone and finally benzene.
The crude product (9-4 g. dry basis) contained 8-2 g. starch (determined by the hydrolysis of a small sample-2-5 hr., 100°, n /1 hydrochloric acid) or 91% of the theoretical amount. It contained 0-18 g. total nitrogen indicating that the contaminant (1-2 g.) was mainly protein. Considerable purification was now effected by dissolving the starch in hot neutral calcium chloride solution (sp.gr. 1-32), an insoluble fraction remaining after five extractions being discarded. The starch was precipitated from the combined extracts with 70 % ethanol; it was suspended in warm water and reprecipitated. After washing with ethanol (70, 95%, and absolute) the product was dried-yield 8-85 g. (dry basis) containing 0-4% N and about 5 % ash.
A portion of this material (6-1 g. dry basis) was suspended in 100 ml. cold water; 10 n sodium hydroxide was added slowly with stirring. When 6-7 ml. had been added the suspension became clear; with the addition of 40 ml. a small precipitate formed which did not increase on further additions. This was removed on the centrifuge and the clear supernatant solution was neutralized to pH 7 with glacial acetic acid (added dropwise with cooling) and a further small precipitate which formed was removed. The product was precipitated from the supernatant solution with 70% ethanol and after two reprecipitations it was washed in absolute ethanol and acetone and dried in vacuo. The yield of the purified material (5-basis) after correcting for an ash content of 2-9 % was equivalent to a 75 % recovery of the starch synthesized in the original digest.
The following analytical values, expressed on the basis of moisture-and ash-free material, were observed with this specimen: N 0-026%; total P 0-028%; reducing power (by copper method) 1-0 (glucose = 100); reducing power after hydrolysis (2-5 hr., 100°, N hydrochloric acid) 104 (as compared with 105-106 found for native potato starch under the same conditions); rotation [a]^ + 202° in water (c = 0-2 %), + 158° in 5 % soda (c = 0-3 %); C 45-4 %, H 6-45 % (according to Pregl by Dr G. Weiler). C6H10O5 requires 44-5% C, 6-23% H.
In the above characteristics the product was indistinguishable from Vol. 129. B.
14 natural starch. Certain of these observations have been made on several other specimens of the synthetic material; these have shown some slight variations in reducing power, the values ranging from 0-5 to 1-2 (glucose = 100) and in rotation, the [a] f? values ranging from 197 to 212°. These differences may have reflected differences in the methods and extent of purification.
In certain respects all specimens of the enzymically synthesized poly saccharide so far prepared have differed significantly from natural potato starch.
In the first place must be emphasized the sparing solubility of the synthetic product in water and the rapidity with which it retrogrades from solution. If the dry material is rubbed in a mortar in the form of a thick paste and is then washed into boiling water, a clear solution, stable on subsequent cooling, is obtained only when the final concentration is less than about 0* 1-0*2 %; with higher concentrations an amorphous deposit of retrograded starch is formed in a short time. The product is readily soluble in strong alkalis, a 3 % solution in n sodium hydroxide, for example, being clear and stable. On neutralization a considerable portion of the synthetic starch is deposited from solution after periods varying from a few minutes to several hours, depending on the concentrations of starch and salt (formed on neutralization). A clear solution may be obtained by autoclaving (e.g. 30 min. at 120° C) but again the material retrogrades except in dilute solutions. A second point of difference lies in the colour developed on the addition of iodine to solutions of the synthetic product; as judged visually, thus this is more brilliant blue than the colour given by natural starch. Quantitative measurements have not only confirmed this difference in the hue but have shown also that the intensity of the colour developed is much greater than that given by natural starch. In table 10 are given the values for the increase in extinction as compared with the iodine solution alone (10 mg. iodine + 15 mg. potassium iodine per 100 ml.) resulting from the presence of 1 mg. starch per 100 ml. These values for all wave lengths, were unaffected by variations in the concentration of starch between 1 and 10 mg. per 100 ml. For comparison, the values observed with soluble potato starch under the same conditions (from Hanes and Cattle 1938) are given.
It will be seen that the position of maximum extinction exhibited by the iodine complex of the synthetic material is slightly nearer the red end of the spectrum, and that the extinction values are considerably higher, particularly in the longer wave-lengths, than those observed with natural starch. The latter values, it should be stated, represent the highest so far observed amongst a number of starch specimens which have shown a variability of about 15%.
The third peculiarity of the synthetic polysaccharide became evident during a study of its degradation under the action of different amylases. With dextrinogenic amylases the behaviour was similar to that observed for natural starch; under the action of a-malt-amylase, for example, the iodine colour was destroyed when approximately one-sixth of the glucosidic linkages had been converted into reducing groups.
The abnormality of the synthetic polysaccharide became evident only from its behaviour under the action of purified /?-amylase (from ungerminated barley). In the case of natural starches of several varieties, it is recognized that when approximately 60% of the starch substance has been converted into maltose by this enzyme the reaction ceases and there remains a resistant fragment (a-amylodextrin) which exhibits a blue-violet coloration with iodine. The mechanism of this process has been discussed elsewhere (Hanes 1937) . It has been found that the enzymically-synthe sized starch exhibits no such obstruction to the action of /?-amylase, the reaction proceeding smoothly until 95-100% of the polysaccharide has been converted into maltose; the iodine coloration remains blue (in diminishing intensity) up to the stage of 80-85 % conversion when it turns to pale rose which persists until 90-95% conversion.
While the full discussion of this peculiarity of the synthetic starch will be undertaken elsewhere attention is drawn to the fact that the amyloamylose fraction of natural starch (isolated by the method of Samec and Mayer 1921) exhibits identical behaviour under the action of /?-amylase (cf. Samec 1936; Freeman and Hopkins 1936; Hanes 1937) . Furthermore, amylo-amylose closely resembles this product not only in its low solubility and tendency to retrograde from solution, but also in the colour it exhibits with iodine (cf. table 10). There is little doubt, in fact, that the enzymically synthesized material is extremely closely related to this particular com ponent of natural starch. The considerable interest which attaches to this conclusion lies in the possibility now opened of elucidating the still un explained differences in the behaviour of physically separable components of native starch.
The bearing on problems of plant metabolism
A brief comment may be made on the implications of the present results on questions of the metabolism of carbohydrates in the plant.
The biochemical setting of the reversible transformation here investi gated is indicated in the schema on p. 175 in which are represented the related reactions which were shown to occur in extracts of peas. Adopting this picture which is known to be incomplete, and anticipating the rigid proof that starch formation in the plastid of the plant cell is due to the phosphorylase mechanism, it is evident that glucose-1-phosphate occupies a position of central metabolic importance. Not only is this ester the direct precursor of starch, but it forms the initial reactant in the sequence of interconversions leading to the formation of fructose-diphosphate. According to a view for which evidence is accumulating, these latter reactions represent the preliminary steps in the catabolism of hexose in the plant cell. In this case the reversible formation of starch from glucose-1-phosphate may be regarded as a side reaction, incidental to the essential processes of carbohydrate breakdown associated with respiration.
It must be assumed that there exists in the cell a mechanism by which the primary synthesis of glucose-1-phosphate is effected from hexose (or some simpler compound) together with inorganic phosphate. In this sense the generation of glucose-1-phosphate by the " phosphorolysis " of starch under the action of phosphorylase is to be regarded as a secondary me chanism by which the ester can be reformed readily. Starch might be said to constitute an accessible supply of hexose-phosphate, a conception which clarifies the traditional statement that starch forms a reserve of " readily available " carbohydrate for the plant.
Conclusions
The foregoing experiments establish that phosphorylase from potato tissue catalyses both the formation of glucose-1-phosphate from starch and inorganic phosphate and the reverse process. The reversibility of the trans formation is shown by the fact that the reaction proceeds in either direction until the ratio free-P/ester-P attains a value which is not significantly altered by wide variations in the concentrations of the reactants or the enzyme.
The equilibrium values of this ratio vary considerably, however, with the concentration of hydrogen ion. This has been shown to be due to the fact that the equilibrium is governed by the relative concentrations of the di-valent ions only of orthophosphoric acid and glucose-1-phosphoric acid and not by the total concentrations of inorganic phosphate and glucose-1-phosphate. Thus when the pH value was varied from 5 to 7 the observed values at equilibrium of the ratio f r e e -P( i.e. total inorganic phate/total glucose-1-phosphate) diminished progressively from 10-8/1 to 3-1/1 whereas the ratio (HP04)=/(C6Hu0 5.0 . P03)= remained constant at 2-2/1 (+ 5 %). The influence of variations in the hydrogen ion concentration upon the equilibrium is thus due to its effects upon the dissociation of inorganic phosphate and glucose-1-phosphate as indicated in the following schema (in which ionic forms present only in traces in the pH range 5-7 are not included):
A point of interest is that the equilibrium is not perceptibly affected by alterations in the concentration of starch. This would seem to indicate that the effective concentration of starch is independent of the total concen tration. A possible explanation may be that the phase of the colloidal system in which the reaction occurs is maintained in a state of saturation in respect to a form of starch in true solution or in a highly disaggregated condition. This hypothesis might be tested by determining the effect of additions of low-molecular disaggregated dextrins which, as was shown earlier, form suitable substrates for the phosphorylase of peas.
With regard to the mechanism underlying the interconversion, all the known facts are accommodated most readily by the hypothesis that the formation of glucose-1-phosphate from starch and inorganic phosphate is the result of the direct " phosphorolytic " cleavage of successive terminal glucose units from the chain-molecules of starch and, conversely, that the formation of polysaccharide from the ester is the result of a succession of " de-phosphorolytic " condensations. This conception which was advanced by Parnas (1937) and Cori, Colowick and Cori (19376, 1938) to explain the 
